We suggest and test potentials for the modeling of protein structure on coarse lattices. The coarser the lattice, the more complete and faster is the exploration of the conformational space of a molecule. However, there are inevitable energy errors in lattice modeling caused by distortions in distances between interacting residues; the coarser the lattice, the larger are the energy errors. It is generally believed that an improvement in the accuracy of lattice modelling can be achieved only by reducing the lattice spacing. We reduce the errors on coarse lattices with lattice-adapted potentials. Two methods are used: in the first approach, 'latticederived' potentials are obtained directly from a database of lattice models of protein structure; in the second approach, we derive 'lattice-adjusted' potentials using our previously developed method of statistical adjustment of the 'off-lattice' energy functions for lattices. The derivation of off-lattice C α atom-based distance-dependent pairwise potentials has been reported previously. The accuracy of 'lattice-derived', 'lattice-adjusted' and 'off-lattice' potentials is estimated in threading tests. It is shown that 'latticederived' and 'lattice-adjusted' potentials give virtually the same accuracy and ensure reasonable protein fold recognition on the coarsest considered lattice (spacing 3.8 Å), however, the 'off-lattice' potentials, which efficiently recognize off-lattice folds, do not work on this lattice, mainly because of the errors in short-range interactions between neighboring residues. Keywords: adjustment of energy functions/lattice modeling/ lattice potentials/threading on lattices Introduction Success in the prediction of three-dimensional structures of protein molecules depends on the efficiency of searching over different conformations and on the accuracy of the estimation of the energy of these conformations. Lattice modeling of protein structure (see Figure 1) where an amino acid residue is approximated by a single lattice point significantly simplifies the conformational search problem (Covell and Jernigan, 1990; Kolinski et al., 1993; Kolinski and Skolnick, 1994a,b; Levitt, 1994, 1996).
Introduction
Success in the prediction of three-dimensional structures of protein molecules depends on the efficiency of searching over different conformations and on the accuracy of the estimation of the energy of these conformations. Lattice modeling of protein structure (see Figure 1) where an amino acid residue is approximated by a single lattice point significantly simplifies the conformational search problem (Covell and Jernigan, 1990; Kolinski et al., 1993; Kolinski and Skolnick, 1994a,b; Levitt, 1994, 1996) .
The coarser the lattice, the more complete and the faster is the exploration of the conformational space of a molecule. However, energy estimates for lattice models are inevitably (lcrn) is shown by the thick pipes. The lattice projection of the structure is shown by the dark sticks. The r.m.s.d. of the model is 1.7 Å; it is built on a lattice of spacing 3.8 Å by a lattice fitting algorithm (Rykunov et al., 1995) , which guarantees the minimal r.m.s.d. for a given protein-to-lattice orientation. One can see that the actual off-lattice lengths between C α carbons are disturbed in the lattice model. The shorter the off-lattice distance, the larger the relative error of the lattice approximation.
approximate because of distortions in the distances between interacting residues. The coarser the lattice, the larger are the energy errors and the more chances there are that the lattice model of the native structure will not correspond to the global energy minimum (Reva et al., 1996b) .
Hence the question arises of how to retain the advantages of lattice modeling without drastic distortions in the energy landscape of a molecule.
One approach to this problem has been to adjust the energy functions to compensate for errors introduced by the lattice discretization (Reva et al., 1996a) . The adjusted energy functions result from averaging over distortions and are 'smoother' and less specific than the original ones. When the distortions are too large, the smoothed functions will not recognize the native conformations.
Hence the problem is to discover the coarsest lattice that will still allow for the accurate recognition of the native structure, while retaining the advantages of efficient exploration of the conformational space of a molecule.
It is clear that such an 'optimal' lattice does not exist 'by itself', but is determined by the potential used. Because the total energy error on a given lattice results from both the inherent inaccuracies of the potentials and from lattice-induced distortions, more accurate potentials could permit the use of a coarser lattice.
In this work, we study how our recently derived phenomenological energy functions (Reva et al., 1997a,b) can be applied to the problems of recognition of protein structure on lattices. 
which maintains the chain connectivity. In this work, γ ϭ ∆/2, where ∆ is the lattice spacing.
To derive C α atom-based lattice potentials, we use two methods. In the first approach, 'lattice-derived' potentials are obtained directly from a database of lattice models of protein structure. To obtain better statistics of lattice distortions, each of 308 non-homologous proteins used in the database is represented by 100 slightly different lattice models that were built using the lattice model fitting algorithm (Rykunov et al., 1995) and different starting orientations of the protein relative to the lattice. In the second approach, we derive 'lattice-adjusted' potentials using our previously developed method (Reva et al., 1996a) of statistical adjustment of the off-lattice energy functions for lattices.
The accuracy of the adjusted and the original off-lattice energy functions is tested in the 'hide and seek' threading test (Hendlich et al., 1990) on lattices of different spacings, ranging from 0.5 to 3.8 Å. We show that lattice-derived and latticeadjusted potentials can be efficiently applied for the recognition of protein structures even on the coarsest considered lattices, while original off-lattice potentials cannot. The origin of this difference is examined.
Methods

Building of lattice models of protein chains
In this study, a protein conformation is represented by coordinates of C α atoms of the main chain confined to a specified lattice (Figure 2 ).
To construct lattice models from real protein structures, we use our previously developed algorithm (Rykunov et al., 1995) . The algorithm guarantees the minimal root mean square deviation (r.m.s.d.) for any given chain-to-lattice orientation. The accuracy of the approximation (r.m.s.d.) depends mainly on lattice spacing and varies only slightly from the original protein-to-lattice orientation (Rykunov et al., 1995) . For the simple cubic lattices used in this work and under the chain connectivity condition of Figure 2 , the average r.m.s.d. ™ ∆/2, where ∆ is the lattice spacing (Rykunov et al., 1995) . To obtain better statistics on the actual distributions of interlink distances, each of the protein molecules used in this study was approximated by 100 slightly different models 1124 Fig. 3 . A scheme of long-and short-range interactions; residues for which potentials are derived are shown by filled circles. (a) Long-range interactions depending on the distance between remote residues α and β; (b) short-range interactions depending on the distance between terminal residues α and β; (c) short-range interactions depending on chain bending in the intervening residue α (or α and β), which affects the distance between terminal residues δ and γ.
corresponding to 100 randomly chosen protein-to-lattice orientations.
Lattice-derived phenomenological potentials
In this work, we use our recently developed approach to extract phenomenological energy functions from the statistics of protein structures (Reva et al., 1997a,b) . Here, this method is applied to lattices. Residue-residue interactions taken into account by the corresponding energy terms are shown in Figure 3 .
The energy of long-range interactions (Tanaka and Scheraga, 1976; Sippl, 1990) between two residues α and β that are remote along a chain is given by
where l is the distance between lattice points occupied by residues α and β, T c is a 'conformational temperature' (Pohl, 1971) , which is close to the characteristic temperature of the freezing of native folds (~300 K), R is the universal gas constant and N αβ (l) and N* αβ (l) are the observed and expected number of cases, respectively, when residue pairs αβ occur at lattice distance l.
where P is the number of proteins in the database, N p is the sequence length of the protein p, s 0 ϭ 5 is the minimal separation for remote pairs, q i is the type of the residue of position i in the sequence, δ αβ ϭ 1 if α ϭ β and δ αβ ϭ 0 if α β, l ij (m) is the lattice distance between residues i and j in the mth lattice model, M ϭ 100 is the number of lattice models used in approximating a protein structure and δ(x) ϭ 1 if x ϭ 0 and δ(x) ϭ 0 if x 0. Defining N 0 αβ (ജR*) as the total number of cases where αβ residue pairs occur with no interactions when they are remote along a chain.
we estimate (Reva et al., 1997a ) N* αβ (l) as
where
In equations 3-5, R* is the maximal distance of direct interaction between α and β residues [i.e.
is the total number of cases where remote residue pairs are at lattice distance l and f αβ (R*) is the fraction of αβ pairs in the zone not disturbed by interactions. Short-range direct interactions are defined as those between residues occupying positions i,i ϩ s, s ϭ 2, 3, 4 along a chain (see Figure 3b) :
and
In equations 8 and 9, N s (l) is the total number of cases when residue pairs occupying positions i,i ϩ s along a chain are at lattice distance l and f s αβ is the corresponding fraction of αβ pairs. For short-range interactions we distinguish between pairs 'αβ' and 'βα'.
The distance between residues in positions i,i ϩ s also depends on the type of residues occupying the intervening positions i ϩ l, . . . , i ϩ s Ϫ 1. To take into account the influence of the local chain stiffness, we introduce two 'bending' energy terms in the total energy function (see Figure 3c ):
Where Ñ α (2) (l) is the number of pairs i,i ϩ 2 with a distance l between i and i ϩ 2 residues and the residue α in the i ϩ 1 position and Ñ (3) αβ (l) is the number of i,i ϩ 3 pairs with a distance l between i and i ϩ 3 residues and residues α in i ϩ 1 and β in i ϩ 2 positions (see Figure 3c ).
Statistical adjustment of energy functions
The idea of adjusting continuous energy functions for discrete modeling was first formulated by Finkelstein and Reva (1992) and further developed more recently by Reva et al. (1996a) . According to this work, the energy ε αβ (l) of residues α,β confined to a lattice with spacing distance l is not well represented by the original 'off-lattice' potential ε αβ (l). Instead, the energy is better represented by averaging the original potential over the ensemble of off-lattice distances, which are approximated by lattice spacing l in the lattice models:
where W αβ (r/l) is a relative probability that a true (off-lattice) distance between residues α and β is r, given that the distance between their lattice positions is l. In the 'statistical' adjustment used in this work, the values W αβ (r/l) for all kinds of αβ residue pairs and all types of interactions are found from the statistics of lattice models of protein structure:
where P is the number of proteins in the database, N p αβ is the number of αβ pairs in a protein p, M ϭ 100 is the number of lattice models used in approximating the protein structure, r p,k is the off-lattice distance between α and β residues in the kth αβ pair, l (m) p,k is the distance between the same residues in the mth lattice model of this protein and δ(x) ϭ 1 when x ϭ 0 and δ(x) ϭ 0 when x 0.
'Hide and seek' threading test
The accuracy of potentials is estimated using the threading test suggested by Hendlich et al. (1990) . In this test, the energy of the native structure is compared with the energies of alternative structures obtained by threading the native sequence through all possible structural conformations provided by the backbones of a set of proteins. No gaps or insertions are allowed; thus, a probe chain of N residues length can be threaded through a larger protein molecule M residues length in M Ϫ N ϩ 1 different ways.
In this work, the threading test is performed on lattice models of proteins. Since a protein molecule can be embedded into a lattice in many different ways with almost the same r.m.s.d. but different inter-link distances, we use 100 different lattice models for each of the proteins to obtain more objective data.
For threading, we used 30 proteins of 58-200 residue lengths; 278 proteins were used as a source of alternative structures and as a database for extraction of potentials (see Tables I and II) .
These 308 proteins, each with a resolution better than 2.5 Å and with no structural defects (chain gaps, significant distortions of bond lengths, absent atoms), were chosen from the list of 365 low-homology (less than 25%) proteins provided by Hobohm et al. (1992) .
Results and discussion
To study lattice potentials, we compared the accuracy of onlattice threading obtained with lattice and off-lattice potentials. In the tests, the energies of the native structures of 30 proteins (Table II) were compared with 10 000 energies of alternative conformations. (The first 10 000 alternative conformations were chosen from the list of protein structures in Table I , sorted by sequence lengths.) Each of the conformations was presented by (i) an energy of one lattice model, (ii) the average energy of 100 lattice models of this conformation and (iii) the minimum energy over 100 lattice models of the conformation.
To study how the accuracy of lattice potentials depends on the size of a lattice cell, we tested potentials on lattices of different spacings: 3.8, 3, 2, 1.5, 1 and 0.5 Å. The results of the experiments are summarized in Tables III-V. Table III gives the ranking of the native structure energies obtained in threading on the coarsest lattice with 3.8 Å spacing. One can see that off-lattice potentials are practically useless in distinguishing the native structure on a lattice with 3.8 Å spacing. This results from large energy errors caused by distortions of the original structures introduced by the lattice approximation (average r.m.s.d. ™ 2 Å). However, both latticederived and lattice-adjusted potentials, designed to take these distortions into account, ranked most of the native structures as rank one, which approaches the accuracy of off-lattice Table III . g Geometrically averaged position of the native structures are given here separately for the total, long-range and short-range set of energy terms.
recognition of the native structure. The ranking of the native structure is better when it is represented by the average energies or the minimum energy over ensembles of lattice models. Although adjusted lattice potentials reduce energy errors, they can only partly compensate for distortions of the energy landscape. One can see the character of these distortions in Figure 4 , where lattice and off-lattice energy histograms are given for a molecule of plastocyanin.
It is easy to see that the distribution of high-energy alternative structures becomes narrower and shifts towards the lower energy region after the transition to a lattice approximation. At the same time, the lattice model energies corresponding to the low-energy native structure are higher than the off-lattice energy of the original structure.
These changes in the energy distributions for lattice models are caused by smoothed lattice-adapted energy functions. Examples of such energy functions are given in Figures 5 and 6 for long-range and bending potentials, which give the largest contribution to the recognition of the native structure (Reva et al., 1997b) .
It is clear that smoothing energy functions makes them less specific. The coarser the lattice, the less specific are the potentials. This is reflected in the reduction of the energy gaps separating the energies of the native structures from the lowest energies of alternative structures. In Figure 4b , one can notice the overlap of lattice model energies approximating the native structure with the lowest lattice model energies of alternative structures. Such overlap does not exist for off-lattice energies (Figure 4a) .
It is easy to see now that success in the recognition of the native structures on lattice will depend on the energy gap between the native structure energy and the lowest energy of the alternative structures: the larger the energy gap, the coarser the lattice and the less specific are the potentials that can be used for discriminating native conformation.
The details of how the accuracy of different potentials depends on lattice spacing are given in Tables IV and V. We use the following characteristics to estimate the accuracy of potentials:
(i) the average position of the native structure in an energy sorted list:
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where the first sum is taken over 30 proteins and the second sum is taken over 10 000 alternative structures used in the tests, E p nat is the native structure energy of the protein p and E i p is the energy of the alternative structure i of the protein p;
(ii) the average energy gap separating the native structure from alternative structures:
(iii) the average dispersion of lattice model energies:
Nat is the energy of the mth lattice model of the native structure of the protein p;
(iv) the average number of discriminated structures evaluated for the normal distribution of alternative structure energies:
is the estimate of the number of structures that have higher energy than the native one; the value of Z p (Z-score) is defined as
and E p nat , 〈E p alt 〉 avr and σ p alt are correspondingly the native energy, the average energy and the standard deviation of alternative structure energies for a protein p.
The data given in Table IV show that with decreasing lattice Fig. 4 . Histograms of off-lattice and lattice energies for a molecule of plastocyanin (PDB code 7pcy): (a) The off-lattice distribution of energies of alternative structures; E off nat ϭ 73.0 is the off-lattice energy of the native structure; E min off_alt ϭ Ϫ20.8 is the minimal energy of 10 000 alternative structures; ∆E g off ϭ 52.2 is the energy gap between the native and alternative structures. (b) The histograms of lattice model energies for the native structure (dark) and for alternative structures (light) obtained on a lattice of spacing 3.8 Å with the 'lattice-derived' potentials (the histogram of off-lattice energies is shown for comparison by the dashed line; E min lat_nat ϭ Ϫ71.3 is the minimal energy of 100 lattice models approximating the native structure of the molecule; E min lat_alt ϭ Ϫ36.61 is the minimal energy of 1 000 000 lattice models approximating 10 000 alternative structures (each of the alternative structures is approximated by 100 lattice models).
spacing, all the characteristics of the on-lattice accuracy improve for both original and lattice-adapted energy functions, achieving off-lattice accuracy at a spacing of~1 Å. However, the accuracy of lattice-adapated potentials changes gradually, remaining satisfactory even at the coarsest spacing of 3.8 Å. In contrast, the on-lattice accuracy of the off-lattice potentials drops significantly at lattice spacings larger than 2 Å. It is worth mentioning that at lattice spacings Ͼ2 Å, distortions in positions of the chain links in lattice models (r.m.s.d.) are Ͼ1 Å, the resolution used in the derivation of the off-lattice potentials. (In Table IV , we present only the data relating to 'lattice-derived' potentials because the results obtained with 'lattice-adjusted' potentials are essentially the same.) Table I ). The original off-lattice potential derived at a resolution of 1 Å is shown by a solid line; the 'lattice-derived' and 'lattice-adjusted' potentials defined on discrete lattice distances are shown by filled squares and triangles, respectively; the cut-off distance used in the derivation of the potentials is 14 Å. The off-lattice and lattice potentials are infinitely large at r Ͻ R min ϭ 3.0 Å and l Ͻ L min ϭ 3.8 Å, respectively. (Figure 1b) derived from the database of 278 proteins. The off-lattice original, 'lattice-derived' and 'lattice-adjusted' potentials are shown by a solid line, filled squares and filled triangles, respectively. The potentials are infinitely large at R Ͻ R min and R Ͼ R max ; R min ϭ 3 Å, R max ϭ 14 Å for off-lattice potentials derived at resolution 1 Å; for lattice potentials L min ϭ 3.8 Å and L max ϭ 14.22 Å.
In characterizing the lattice-adapted potential, it is necessary to mention the significant reduction in dispersion of lattice model energies in comparison with the non-adapted potentials. This difference remains until the smallest spacing of 0.5 Å, which demonstrates the adjustment of the 'smoothed' energy functions to variations of inter-link distances in lattice models.
One can also see from Table IV that the recognition of protein structure is better when a protein structure is represented by an ensemble of lattice models than by only one lattice model. This difference is especially noticeable for coarser lattices where the dispersion of lattice model energies is greater.
It is interesting to see how the adaptation to lattices affects different terms in the energy function. In Table V , we present the data on recognition of the native structure by long-and short-range potentials.
The data in Table V show that adaptation to a lattice affects short-range interactions more strongly than long-range interactions. The improvement in accuracy for lattice-adapted short-range interactions is drastic for coarse lattices and can be seen even at the finest lattice spacing of 0.5 Å. Latticeadapted long-range potentials perform better than non-adapted ones only at coarse lattices of spacing Ͼ2 Å.
Short-range potentials are characterized by more abrupt changes than long-range potentials; they can have more than one local minimum separated by barriers (Reva et al., 1997b) (see also Figures 5 and 6 ). Hence the energy errors caused by lattice distortions must be greater for short-range than for long-range interactions. This explains why short-range interactions are more sensitive than long-range interactions to lattice adaptation.
Conclusion
In this work, we have suggested and tested new approaches to the derivation of energy functions for modeling on lattices. The lattice-adapted potentials were derived using the statistics of lattice models of protein structure. This allowed us to reduce energy errors caused by lattice-induced distortions. The accuracy of recognition of the native structure was tested in threading tests on lattices of different spacings and compared with the accuracy of the same test performed on off-lattice structures. We have found that the lattice-adapted potentials have an accuracy comparable to those of off-lattice potentials even on the coarsest considered lattice spacing of 3.8 Å. To achieve the same accuracy with non-adapted potentials, the lattice spacing must be reduced by at least a factor of two.
In estimating the role of lattice-adapted potentials for protein folding problems, one should not presume that they can explain all details of protein structure. In particular, because they are achiral, the pairwise energy functions used in this work cannot distinguish between mirror images of a protein fold.
However, the derivation of lattice-adapted potentials suggested in this work opens up the possibility of the efficient discrimination of a tiny fraction of favorable structures from the vast majority of the others using coarse lattices. This will allow for a more complete and faster exploration of the conformational space.
